Abstract. This paper is an introduction to and overview of the accompanying papers in this issue which give detailed results from the Galileo probe mission to Jupiter, including results from the Galileo orbiter and Earth-based observations that are relevant for understanding the probe data and placing them in context. A summary of prior knowledge of Jupiter's atmosphere is also presented. All probe scientific investigations were successful. As anticipated, the Galileo probe results confirm some expectations about Jupiter, refute others, and raise important new questions. The Galileo probe defined the atmospheric thermal structure at the probe entry site from --•1000 km above the 1 bar pressure level to a depth near 22 bars. During direct atmospheric sampling beginning near 0.4 bar, instruments on the probe measured composition, cloud properties, thermal structure, winds, radiative energy balance, and electrical properties of the Jovian atmosphere. Prior to reaching the Jovian atmosphere, probe instruments measured properties of the inner magnetosphere, observing regions not previously sampled by any spacecraft.
Introduction
This issue presents detailed results from the Galileo probe mission to Jupiter, together with results from the Galileo orbiter and Earth-based observations which are relevant to understanding the probe data or to placing the probe data in a more global context. There is a synergy between probe, orbiter, and Earth-based observations that is proving extremely valuable and demonstrates the advantage of having had each kind of observing platform. Comprehensive descriptions of the Galileo Mission, including science objectives, instruments, and trajectory, are given in Space Science Reviews, volume 60, issues 1-4, 1992. Science results and parameters from the probe entry and descent were first published in Science, volume 272, pp. 837-860, 1996. Orbiter results were first published in Science, volume 274, pp. 377-403, 1996. Other Galileo probe papers which have been published are cited in the appendix. Although data analysis efforts continue, the present set of papers represents a mature analysis of probe observations. As described by Young et al. [1996] , additional instrument calibration work was required for a number of probe instruments after the Jupiter encounter because of the unanticipated thermal environment of the probe interior, and hence unanticipated thermal regime of several probe instruments. The required calibration work has largely been completed using flight backup or engineering units and is included in deriving the probe results discussed in this issue. Therefore the physical quantities derived from the raw probe data are not expected to be subject to significant changes due to additional calibration corrections, etc.
2.
Mission Information Table 1 struction up to the point of entering the Jovian atmosphere [Bell, 1996] . All probe entry parameters were close to nominal and within specifications. Table 2 Since the hotspots cover only about 1% of the total surface area of Jupiter, and about 15% of the surface area in equatorial regions, the probe clearly sampled the atmosphere in what is an atypical region. This has raised a number of issues regarding how the probe results are interpreted, especially since the probe directly sampled the atmosphere all the way from cloud levels, where the probe entry location was clearly atypical in terms of cloud properties, to pressure levels exceeding 20 bars, which is well below any clouds and is a region where the atmosphere was expected to be well mixed. One advantage to where the probe entered is that 5 •m hot spot spectra were used in almost all pre-Galileo remote sensing attempts to make deductions about the Jovian atmosphere below the upper clouds. Having entered one of the hot spots, the probe has provided ground truth for those observations and their interpretation, and in several instances probe data have been at variance with the conclusions based on remote sensing (see discussions in following section). Thus the Galileo probe has not only provided information unobtainable any other way, but has helped to better refine the interpretation of remote sensing of Jupiter's atmosphere.
Background and Results
In this section we summarize knowledge of the Jovian atmosphere prior to the Galileo mission (concentrating on postVoyager results) and then discuss what the Galileo probe mission has revealed to date. In summarizing pre-Galileo knowledge, we limit discussion to those areas where the Galileo probe was expected to make or has made a direct scientific contribution. A somewhat more general review article summarizing the state of Jovian atmospheric science prior to the planned launch of Galileo in 1986 (delayed due to the Challenger accident) is given by Hunten et al. [1986] . Prior to the Galileo probe entry, of course, all information about Jupiter's atmosphere had been obtained by remote sensing. Since the probe results are presented in detail in the accompanying papers, only a brief synopsis is given here in order to allow general comparison with pre-Galileo expectations.
Atmospheric Composition
Determining the composition of Jupiter's atmosphere was one of the primary scientific goals of the Galileo probe. In the case of Jupiter, the escape time for light elements is so much longer than the age of the solar system that the composition should provide significant constraints on conditions at the time of planetary formation as well as the formation process itself. Comparison with inventories of elements and isotopic ratios of the other planets is then a means of investigating the origin and evolution of all the planets. Post-Voyager summaries of the composition of the atmospheres of the outer planets, and in particular Jupiter, are given by Atreya [1986] and Gautier and Owen [1989] . Here we summarize the highlights and add a few updates that have appeared since these summaries.
Prior to the Galileo mission, it had long been established that Jupiter's atmosphere consisted mostly of hydrogen and helium. The question was whether the helium abundance was the same as the protosolar value. If not, then helium segregation has probably occurred. At pressures of the order of 2 Mbars there is a phase transition of the hydrogen-helium mixture to a metallic fluid phase, and depending on temperature and solubility of helium in the metallic phase, helium is expected to condense and settle toward the center of the planet [cf. Stevenson, 1982] . Such a process has evidently been quite appreciable on Saturn, where the helium abundance in the atmosphere is depleted from the protosolar value by a factor of over 4 . The best pre-Galileo helium abundance measurement for Jupiter was based on Voyager data, which initially gave a helium mass fraction, Y = Mu½/(Mu½ + Mu2 ) = 0.19 _+ 0.05, or 0.21 + 0.06, depending on whether purely spectroscopic methods or spectroscopic in combination with radio occultation methods were used [Gautier et al., 1981]. The Voyager helium mass ratio was subsequently updated to account for the presence of CH 4 to give a value Y' = MHe/(MHe + Mi42 + MCH4) = 0.18 __+ 0.04 . Estimates of the protosolar helium mass [1997] have constructed a range of new models for the interior of Jupiter which use the Galileo-measured helium abundance and attempt to take into account uncertainties in the equations of state for hydrogen, helium, and the heavier elements, as well as uncertainties in thermal profile, internal rotation, and interior helium distribution. Given these uncertainties, they find that Jupiter could have a dense central core of heavy elements ranging from 0 to 12 Me, with the total amount of elements in the planet heavier than hydrogen or helium being 11-45 Mo.
In Jupiter's atmosphere the heavier elements C, N, O, and S are found principally in the compounds CH4, NH3, H20 , and H2S, respectively. As pointed out by Gautier and Owen [1989] , carbon is the most useful standard with regard to heavy element abundances in Jupiter's atmosphere because under Jovian conditions, CH 4 is the only one of the above compounds not involved in condensation processes. As the abundances of the condensible compounds measured by the Galileo probe are discussed below, the significance of this point will become apparent. Post-Voyager determinations of the C/H ratio in Jupiter's atmosphere ranged from 2.0 to 3.6 times solar [Bjoraker et al., 1986a and references therein]. The solar C/H ratio used for these comparisons was taken as 4.7 x 10 -4 [Lambert, 1978] , but a more recent value is 3.6 x 10 -4 landers and Grevesse, 1989 ]. The significance of supersolar abundances for the heavier elements lies in the implications for planetary formation and evolution. Two identified possible sources are outgassing from a planetary core during the accretional stages of Jupiter's formation or influx of late-accreting planetesimals (for discussion, see Gautier and Owen [1989] To date, the probe NMS has not been able to give a meaningful determination of the ammonia abundance. The problem may lie in contamination of direct atmospheric measurements by outgassing of NH 3 after enrichment cells had been used to measure very low mixing ratio constituents [Niemann et al., 1996, Prior to Galileo, H2S had not been directly detected, with only highly depleted upper limits near 1 bar existing from high-resolution spectra at 2.7 rim [Larson et al., 1984] [Bjoraker et al., 1986b] . On the other hand, if features which propagated outward from the impact sites of the fragments of comet Shoemaker-Levy 9 are due to gravity waves, then an abundance of water in the deep atmosphere about 10 times solar is implied at the comet impact site near 45øS latitude [Ingersoll and Kanamori, 1995] .
Water appears to behave qualitatively similarly to H2S and NH 3 with regard to the dependence on depth as measured by the probe NMS. At p -< 4 bars the H20 mixing ratio has an upper limit of 10 - There is some evidence to suggest that depletion of volatiles to depth occurs on a regional scale. To date, the NIMS experiment has not reported finding solar abundance of water anywhere the instrument has scanned, but that does not necessarily imply that water is not present because more data analysis is still to be done. However, this finding is consistent with observational results from the ground-based NASA IRTF CSHELL instrument at high spectral resolution, which indicate that equatorial zone (EZ) spectra are very similar to those in the NEB hot spots [Collard et al., 1997] . As previously discussed, in hot spots, probe and NIMS observations indicate that water is depleted relative to solar abundance down to pressures of at least 8 bars, but the IRTF observations of the CH4 lines in the EZ, which would be obliterated if water were present, imply little water there as well. If so, the probe composition data could reflect large-scale processes rather than local ones pertaining just to hot spots.
Before Galileo, no noble gases except helium had been detected, and no elemental isotopic ratios were known other than estimates of the D/H ratio. The importance of such information as tracers of planet formation and evolution has been reviewed by Pepin [1989 Pepin [ , 1991 Carlson et al. [1994] have emphasized the role that variations in cloud optical depths from place to place would play in producing colorations and albedo variations. To date, it is still the case that the number, composition, and distribution of distinct chromophores remains, even after the Galileo probe mission, an unresolved problem.
The most recent thermochemical modeling of the Jovian deep atmosphere, defined as the well-mixed region below the major cloud decks, was carried out by Fegley and Lodders [1994] using up-to-date chemical kinetic and thermodynamic data, and pre-Galileo Jovian elemental abundances of H2, He, and CH 4. They assumed that the well-mixed deep region had an adiabatic thermal structure and that all elemental enrichments over solar values for elements heavier than He were the same as for carbon determined from the abundance of CH 4. Under these assumptions, they predicted that in the deep wellmixed region of the Jovian atmosphere the Galileo probe should detect several trace chemical species (substances having greater than a part per billion mixing ratio and not previously detected): H3BO 3, N2, H2S , HF, HCI, and HBr. Except for H2S, the NMS has not yet reported detection of any of these compounds, which does not necessarily mean they are not there since analysis is still continuing.
Clouds
Based on the assumptions of solar composition, thermochemical equilibrium, and an adiabatic temperature-pressure relation for the atmosphere below the tropopause, three cloud layers in the Jovian atmosphere accessible to the Galileo probe were predicted [Lewis, 1969a, If the deep troposphere is indeed stable, the radiative model of Guillot et al. [1994a] would require that water is depleted in this region in order that the radiative equilibrium temperature gradient be subadiabatic, and outward heat transport would then be by radiation instead of convection. Since radiative time constants in the deep troposphere are much greater than the lifetime of hot spots, -> 10 years versus <1 year, respectively, a statically stable temperature structure could not be peculiar to hot spots. Thus a statically stable deep troposphere would be at least a regional phenomenon and would be consistent with the idea that the equatorial region was depleted in water.
Atmospheric Circulation and Dynamics
The dynamic meteorology of the outer gas giant planets presents entirely new problems in geophysical fluid dynamics, and Jupiter is the case we know the most about. The dominant circulation pattern at the upper cloud level is a zonal (eastwest) wind system alternating in direction as a function of There have been several possible energy sources considered that might drive the wind system on Jupiter. Ultimately, of course, solar insolation and Jupiter's internal heat flux provide energy for atmospheric motions. However, of dynamical interest are the energetic pathways that generate buoyancy contrasts in the atmosphere which, subsequently, drive the observed winds. Direct heating of the atmosphere by absorption of solar energy is an obvious possibility. Latent heat release by condensibles such as water has been discussed [Gierasch, 1976] . It is known that the ortho/para ratio of hydrogen is not in equilibrium in the upper troposphere of Jupiter and shows a distinct latitude dependence [Conrath and Gierasch, 1984] . Although significant energy is released from conversion of one state to the other in attaining equilibrium, the radiative time constant on Jupiter is shorter than the ortho/para conversion time, and hence conversion should have a small effect on convective motions [Smith and Gierasch, 1995] . Finally, the internal heat flux (see discussion in the following subsection) could provide the energy source by driving convective motions which ultimately produce the observed zonal wind structure [Busse, 1976 [Busse, , 1983 , in which case the zonal winds could extend deep into the atmosphere of Jupiter [Ingersoll and Pollard, 1982] .
Of the above possible energy sources, ruling out ortho/para conversion because of its expected small effect on Jovian atmospheric motions, only internal heat flux is an energy source which would drive the winds from deep below cloud levels. [Ingersoll et al., 1976] , and analysis of Voyager measurements of thermal emission indicate the same [Pirraglia, 1984] . Ingersoll and Porco [1978] showed that the sum of internal heat flow and absorbed solar energy would be approximately independent of latitude if most of the poleward heat transport required to balance differential solar heating occurred in the deep interior of Jupiter rather than in just the several scale heights of atmosphere near cloud levels. If such is the case, radiative flux measurements by the Galileo probe at the entry site, together with observations from the Orbiter, might give some insight into the global heat balance. However, local cloud properties, gas composition, and atmospheric dynamics affect the energy balance at any particular location, so care must be taken with regard to global interpretations. Pirraglia [1984] showed that meridional variations of the thermal energy balance on the scale of zones and belts did not necessarily have the same compensating behavior as on hemispheric scales, i.e., areas of increased solar energy absorption were generally associated with increased internal energy flux on the scales of belts and zones, not the other way around, as on the hemispheric scale. Pirraglia, in particular, noted one such region as being the Of the three predicted substances constituting the Jovian clouds, NH3 ice, NH4SH ice, and H20 ice, the water cloud is the most likely to separate electric charge and produce lightning [Levin et al., 1983; Rinnert, 1985 because of the absence of measurements prior to Galileo, little was known about particle loss, particle source processes, or particle fluxes within 1.6 Rj, the closest approach of Pioneer 11.
The probe EPI showed that Jupiter's inner radiation region had very large fluxes of electrons and protons, of the order of 106-10 7 and 105-106 cm-2 sr-1 s-1, respectively [Fischer et al., 1996 ]. Depending on the particle energy spectrum, the fluxes measured by the EPI may underestimate the total particle flux, since the EPI was sampling while the probe descent module was still housed in the heat shields, and thus only particles with sufficient energy could penetrate to the EPI detectors. The measured flux intensities peaked near 2.2 Rj. Helium and heavy ion fluxes also had peaks near 2.2 R2, but surprisingly, they also had large relative peaks near 1.5 R2, inside the Jovian ring. The source of particles for this inner peak is unknown, but there are at least a couple possibilities involving either spallation of Jovian ring material or cosmic ray sputtering [Fischer et al., 1996 ]. The distributions of particle fluxes with radial distance from Jupiter indicate that the Jovian ring and small inner moons produce significant particle absorption. All particle fluxes decreased sharply at 1.35 R j, still well above the atmosphere. Hence the inner cutoff is a function of where the dipole magnetic field lines enter the atmosphere and the particle pitch angle distribution.
Summary
The Galileo probe accomplished the first direct sampling of the atmosphere of Jupiter or any outer planet, surviving the most difficult atmospheric entry ever attempted. All probe scientific investigations were successful and returned data about the Jovian atmosphere, extending from the thermosphere to deep below cloud levels in the troposphere. The Galileo orbiter has provided essential observations which have helped place the probe measurements in a global context, and more such observations will be made during the Europa dedicated portion of the mission. The combined probe and orbiter data, coupled with Earth-based observations, have revealed facts about Jupiter that were previously unobtainable. At the same time, the data have raised important new questions. This is, of course, the way it should be and is the way we are able to develop new and better frameworks for understanding the origin and evolution of the solar system.
The most intriguing findings so far from the Galileo probe regarding composition are the depletion of water (to a depth of at least 18 bars), the greater than expected abundance of am- derived from the Galileo probe data seems to imply that small bodies sufficiently cold to retain N 2 supplied the heavier elements to Jupiter. This should place constraints as to the source region of such bodies in the solar nebula and perhaps the early solar nebula temperature distribution. The highly accurate determination of the helium abundance from probe data show that helium is about 30% closer to the protosolar abundance in Jupiter's atmosphere than had been indicated from Voyager data. In other words, there are about 10 Me more He in Jupiter's atmosphere than previously thought. These differences are already being accounted for in recent models of the Jovian interior. As the probe NMS data continue to be analyzed, more constraints on the early formation and evolution of Jupiter will come from heavier noble gas abundances and their isotopic ratios. A conclusion that is now emerging from the probe data, combined with the orbiter and ground-based data, is that atmospheric composition, clouds, dynamics, thermal structure, and energy balance are all coupled on Jupiter and in ways that in many instances had not been anticipated before Galileo. Had there not been a comprehensive set of data from a variety of instruments and platforms, particular aspects of the data would have been so unanticipated and puzzling that there is legitimate doubt as to whether we would have been able to meaningfully interpret those data. At the very least, the confidence level in the results would have been much diminished, not a healthy situation if new research directions are to be initiated based on the data. The integration of independent sets of observations that has proved so valuable for Galileo provides an important lesson for future planetary exploration.
Special note. It is with deep regret that we report the recent passing of Klaus Rinnert. Dr. Rinnert is the lead author on two of the Galileo Probe papers that appear in this issue. He played a key role for the Lightning and Radio Detection Experiment (LRD) on board the Galileo probe and was instrumental in making the probe a success. His contributions to the LRD experiment and to the interpretations of the data were indispensable and outstanding. He was always striving to understand the performance of the LRD instrument and the calibrations that were done over the years with Earth lightning. He was the driving force behind radio propagation calculations described in the second of his papers here, the results from which greatly enhanced the science understanding from the LRD experiment. If he had lived, he and his colleagues would have pursued other ideas regarding such studies. Dr. Rinnert held very high standards for himself, and we will miss him and the further contributions he would have made to understanding the Galileo probe data.
